Sodium-hydrogen exchangers (NHE) of the Slc9 gene family are the major regulators of intracellular pH against acidosis in mammalian cells. Of five plasma membrane NHE isoforms, mouse oocytes and preimplantation embryos express mRNAs encoding NHE1 (SLC9A1), NHE3 (SLC9A3), and NHE4 (SLC9A4), with higher mRNA levels for each in oocytes through one-cell stage embryos and lower levels after the two-cell stage. NHE2 (SLC9A2) and NHE5 (SLC9A5) are not expressed. Measurements of intracellular pH during recovery from induced acidosis indicated that recovery occurred via NHE activity at all preimplantation stages assessed (one-cell, two-cell, eight-cell and morula). Recovery from acidosis at each stage was entirely inhibited by cariporide, which is very highly selective for NHE1. In contrast, the moderately NHE3-selective inhibitor S3226 did not preferentially block recovery, nor did adding S3226 increase inhibition over cariporide alone, indicating that NHE3 did not play a role. There was no indication of NHE4 activity. Another regulator of intracellular pH against acidosis, the sodiumdependent bicarbonate/chloride exchanger (NDBCE; SLC4A8), had low or absent activity in two-cell embryos. Thus, NHE1 appears to be the only significant regulator of intracellular pH in preimplantation mouse embryos. Culturing embryos from the one-cell or two-cell stages in acidotic medium inhibited their development. Unexpectedly, inhibition of NHE1 with cariporide, NDBCE with DIDS, or both together did not affect embryo development to the blastocyst stage more substantially under conditions of chronic acidosis than at normal pH. Preimplantation mouse embryos thus appear to have limited capacity to resist chronic acidosis using intracellular pH regulatory mechanisms.
INTRODUCTION
Intracellular pH (pH i ) is generally regulated in mammalian cells by ion transporters located in the plasma membrane [1] . HCO À 3 /Cl À exchangers of the anion exchanger (AE) subgroup within the Slc4 gene family mitigate intracellular alkalosis by exporting the weak base HCO À 3 in exchange for Cl À [2, 3] . Intracellular acidosis is corrected by Na þ /H þ exchangers of the NHE (Slc9) family that export H þ in exchange for Na þ [4] . In addition to NHEs, intracellular acidosis can also be alleviated by the Na þ -dependent HCO À 3 /Cl À exchanger (NDBCE; SLC4A8) that is a member of the same Slc4 gene family as the AEs [2] . Besides their individual roles in regulating pH i , NHE and AE transporters also function in a coupled mode to mediate recovery from decreased cell volume [5] .
The regulation of pH i in preimplantation (PI) embryos has been investigated in several mammalian species. HCO À 3 /Cl À exchangers have been extensively studied in mouse PI embryos, where they regulate pH i against alkalosis at all stages examined [6] [7] [8] . HCO À
/Cl
À exchangers are similarly active and mediate recovery from alkalosis in hamster [9] and human [10] PI embryos and are present at all stages of bovine PI embryos, although recovery from a large induced alkalosis in bovine embryos was incomplete [11] . HCO À
À exchanger activity is also required for acute recovery from decreased cell volume in PI mouse embryos [12] . PI mouse and hamster embryos require HCO À
À exchanger activity to maintain viability under conditions of moderate chronic alkalosis since embryo development from the two-cell to blastocyst stage is decreased when AE activity is inhibited in moderately alkalotic medium [7, 9] . For both pH i regulation and cell volume homeostasis, the major isoform responsible appears to be AE2 (SLC4A2) [7, [12] [13] [14] [15] .
Little information is available about Na þ -dependent HCO À 3 / Cl À exchanger (NDBCE) activity in PI embryos. Its activity has, however, been detected in one-cell mouse embryos, where it contributes about 50% of the total recovery from acidosis. Expression of Slc4a8 mRNA, which encodes the only known NDBCE isoform, has also been detected at that stage [16] .
In contrast to the established presence and detailed functional analysis of HCO À 3 /Cl À exchange in PI embryos, the role of Na þ /H þ exchangers in pH i regulation is less clear. It was initially reported that Na þ /H þ exchanger activity was absent from mouse two-cell embryos [17] , but subsequently a component of recovery from acidosis via Na þ /H þ exchange was clearly demonstrated at this stage in addition to passive recovery mediated by H þ -monocarboxylate transport [18] . Part of the discrepancy is apparently due to large differences between mouse embryos from different maternal genotypes since Na þ /H þ exchanger activity varied widely under the same conditions depending on maternal genotype [19] . Na þ /H þ exchanger activity is present in PI embryos of other species as well, with robust activity present in those of hamster [20] and bovine [11] . In contrast, human PI embryos were unable to recover from small decreases in pH i until the blastocyst stage [21] . This was likely explained by the observation that Na þ /H when pH i had decreased past a threshold far below its normal physiological range [10] . While its role in pH i regulation is not fully elucidated, Na þ /H þ exchange is clearly required for acute cell volume regulation in mouse PI embryos at each stage [12] . This function resides entirely with the NHE1 (SLC9A1) isoform, which can be activated by decreased cell volume independent of pH i [12] .
The NHE family contains five Na þ /H þ exchangers that are localized to the plasma membrane (NHE1-5; corresponding to the SLC9A1-SLC9A5 proteins), while several additional isoforms are localized to intracellular organelles [22] . Several studies have suggested that multiple NHE isoforms are expressed during PI development. Transcripts for Slc9a1 (NHE1) have been detected throughout PI embryo development [23] . Slc9a3 (NHE3) mRNA was not detected in mouse blastocysts, although its transcript was detectable in oocytes [23] . It has not been assessed at other stages, however. Slc9a4 (NHE4) was not detected in either blastocysts or oocytes [23] , although a reference to unpublished data indicates its presence in mouse oocytes but not in PI embryos at any stage [24] . Immunostaining of embryo sections provided evidence for NHE1 (SLC9A1) protein at the basolateral trophectoderm (TE) in the mouse blastocyst, but other stages were not assessed [23] . In the same study, NHE3 (SLC9A3) protein was detected by immunostaining in one-cell and eight-cell embryos and restricted to the apical TE in blastocysts.
It is unclear which of these NHE isoforms is responsible for the Na þ /H þ exchanger activity that mediates pH i regulation in PI embryos. Most studies have used amiloride or its derivatives, which are general inhibitors of NHE isoform activity [25] [26] [27] [28] . Relatively recently, much more selective NHE inhibitors than the amiloride derivatives have been developed, including cariporide (HOE642) and related compounds that are highly selective for NHE1 [25, [28] [29] [30] and S3226, which preferentially inhibits NHE3 [25] . A summary of values of inhibition constants and selectivity for these inhibitors from careful published measurements are included as a supplementary data (Supplemental Table S1 , available online at www.biolreprod.org). We are aware of one attempt to elucidate the separate contributions of NHE isoforms to the regulation of pH i in mammalian embryos. Harding et al. [28] used the dose-response profile of HOE694, a compound related to cariporide that is selective for NHE1 [28] in two-cell stage mouse embryos and several concentrations of methylisopropylamiloride (MIA) at the one-cell and two-cell stage and in the inner cell mass (ICM) of blastocysts [24] . They concluded that the inhibition profiles indicated a component of activity of NHE1 and that the remainder was due to NHE3 from the onecell stage through the cleavage stages, while in the blastocyst, they found NHE activity only within the ICM and attributed it to NHE1 and a component that they proposed is NHE4 based on its relative insensitivity to MIA. However, the putative NHE3 activity was not confirmed by other means, such as selective inhibitors (see Discussion).
Here, we determined the quantitative expression profile of Slc9 mRNA isoforms present in the mouse PI embryo. We then used the isoform-selective inhibitors cariporide (highly selective for NHE1; Supplemental Table S1 ) and S3226 (moderately selective for NHE3) to determine whether the isoforms expressed at the mRNA level contributed detectably to pH i regulation in PI embryos, similar to the method that we used previously to determine the NHE isoforms regulating pH i in growing follicles [31] and that others have used in placental syncytiotrophoblast [32] . Finally, we investigated whether inhibition of Na þ /H þ exchange during the PI period affects embryo development to the blastocyst stage.
MATERIALS AND METHODS

Chemicals and Media
Media components and chemicals were obtained from Sigma (St. Louis, MO), unless otherwise stated. Media components were embryo grade or cell culture grade. The inhibitors cariporide (HOE642) and S3226 were obtained from Sanofi Aventis (Frankfurt, Germany). Their structures and NHE isoform selectivities have been previously published [25, 29, 33] (Supplemental Table  S1 ). The pH-sensitive fluorophore carboxyseminaphthorhodafluor-1-acetoxymethyl ester (SNARF-1-AM), 4,4-diisocyanatostilbene-2,2-disulfonic acid disodium salt (DIDS), and dihydro-DIDS (H 2 DIDS) were acquired from Molecular Probes (Eugene, OR). Stock solutions were prepared either in ethanol for nigericin or in dimethyl sulfoxide (DMSO) for SNARF-1-AM, valinomycin, DIDS, H 2 DIDS, cariporide, and S3226.
KSOM embryo culture media [34] contains (in mM) 95 NaCl, 2.5 KCl, 0.35 KH 2 PO 4 , 0.2 MgSO 4 , 10 Na lactate, 0.2 glucose, 0.2 Na pyruvate, 25 NaHCO 3 , 1.7 CaCl 2 , 1 glutamine, 0.01 tetra sodium EDTA, 0.03 streptomycin sulfate and 0.16 K penicillin G, and 1 mg/ml bovine serum albumin (BSA). HCO À 3 /CO 2 -buffered media were equilibrated with 5% CO 2 /air, except where other CO 2 concentrations are specified. The pH of KSOM at 5% CO 2 is 7.3-7.4. HEPES-buffered KSOM (HEPES-KSOM) was used for oocyte and embryo collection (21 mM NaHCO 3 replaced by equimolar HEPES). The pH of HEPES-buffered media was adjusted to 7.4 using NaOH or KOH (for sodium-free media).
For all media used in pH i measurements, all but 1 mM sodium lactate was replaced with NaCl and BSA was omitted from KSOM or HEPES-KSOM. The bicarbonate-free medium used for pH i measurements was prepared by omitting NaHCO 3 and replacing it with equimolar NaCl and was designated 0bicHEPES-KSOM. The HCO À 3 /CO 2 -buffered medium used for some pH i measurements where indicated was designated bicKSOM. The sodiumdepleted version of each medium (0Na0bicHEPES-KSOM or 0NabicKSOM) was prepared by replacing NaCl with equimolar choline chloride, sodium pyruvate with potassium pyruvate, and sodium lactate with lactic acid. Medium containing 25 mM NH 4 Cl was prepared by replacing equimolar NaCl.
Mouse Oocytes and Embryos
Oocytes and embryos were collected from 5-to 7-wk-old female CF1 mice (Charles River, St-Constant, QC, Canada). Germinal vesicle stage (GV) oocytes were collected from female mice that had been i.p. injected with 5 IU of equine chorionic gonadotropin (eCG; Intervet, Kirkland, QC, Canada). After 44-46 h, GV oocytes were mechanically isolated from the ovaries by mincing the ovary with a razorblade, as previously described [35] . To obtain MII stage eggs, mice were injected i.p. with 5 IU human chorionic gonadotropin (hCG) 47 h after the eCG injection. MII eggs were collected from the ampulla 14-16 h after hCG injection, and cumulus cells were removed by brief exposure to 75 lg/ml hyaluronidase. To obtain embryos, females were caged overnight with BDF1 males (Charles River) and embryos collected at ;22, 43, 56, 67, 76, or 91 h post-hCG to obtain one-, two-, four-, eight-cell, morula, or blastocyst stage embryos, respectively. All experiments were conducted in accordance with Canadian Council on Animal Care guidelines, and all procedures were approved by the Animal Care Committee of the Ottawa Hospital Research Institute.
Nomenclature
The pH i -regulatory mechanisms are commonly designated by nomenclature based on their functional characteristics, many of which were defined before the discovery of the underlying proteins. Thus, the Na þ /H þ exchanger activities designated NHE1 through NHE5 are established to correspond to the proteins SLC9A1 through SLC9A5 (Slc9a1-a5 genes). Similarly, sodium-dependent bicarbonate/chloride exchanger activity NDBCE corresponds to SLC4A8 (Slc4a8). Throughout, mRNA and proteins are indicated by their official SLC nomenclature, while functional activities are given their conventional designations.
mRNA Detection
RNA extraction was performed using the RNAeasy Microkit (Qiagen, Mississauga, ON, Canada) and reverse transcription (RT) using the Retroscript kit (Ambion, Austin, TX) as per the manufacturers' instructions. At least 30 oocytes or embryos were pooled for each RT. Each PCR reaction contained an amount of cDNA template equal to 1.5 oocytes or embryos. Mouse kidney (Slc9a1, -a2, and -a4), liver (Slc9a3), and brain (Slc9a5) were used as positive controls. Samples of the final drop of HEPES-KSOM in which oocytes or embryos had been washed were used as negative controls [31] . Conventional SIYANOV AND BALTZ PCR was performed with the HotStarTaq PCR kit (Qiagen). Conventional PCR was repeated on at least four separate oocyte or embryo collections. Amplicons were visualized on 1.7% agarose gels containing 0.13 lg/ml ethidium bromide. All products were of the predicted size according to their position on the gel, and the identities of products from all five primers were confirmed by direct sequencing of sample bands. RT-Q-PCR was performed using the LightCycler 480 SyberGreen I Master Mix (Roche Applied Science, Laval, QC, Canada). RT-Q-PCR was repeated on three separate embryo or oocyte collections. Where number of transcripts was reported, this was calculated from standard curves constructed from known dilutions of PCR product.
Embryo Culture
Chronic acid loads were produced in embryos during culture either by varying the CO 2 concentration in the gas phase [7] or by adding the membrane-permeant nonmetabolizable, weak acid DMO (5,5-dimethyl-2,4-oxazolidinedione) to the culture medium [20] . One-or two-cell embryos were flushed from oviducts and placed into culture, and embryo development was scored daily for a period of 3 d (two-cell embryos) or 4 d (one-cell embryos). The main outcome reported is the percentage of embryos that have reached the blastocyst stage (large cavity and visible ICM). For different CO 2 concentrations, modular chambers (Billups-Rothenburg, Inc., Del Mar, CA) were filled with the appropriate gas mixture before being sealed and placed in a 378C incubator. Chambers were replenished with the gas mixtures daily. CO 2 concentrations of 5%, 10%, 15%, 20%, or 25% CO 2 in premixed gases (20% O 2 , balance N 2 ) were used. For DMO, 10, 20, or 30 mM DMO were added to KSOM culture medium in a conventional incubator (5% CO 2 in air, 378C). Embryos were cultured in groups of 10-15 either in 50-ll drops of KSOM under mineral oil or in organ culture dishes (500 ll pre-equilibrated KSOM in the center well and distilled water for maintenance of humidity in the outer well), as specified. For culture groups in which pH i regulatory mechanisms were inhibited, 3 or 10 lM cariporide (as specified) were added to inhibit NHE1, while 100 lM DIDS were added to inhibit NDBCE where indicated. Control media contained the same concentration of the vehicle, DMSO. There was no detectable effect of the presence or absence of mineral oil or use of 3 versus 10 lM cariporide (established in pilot experiments, not shown). To maintain drug potency, the media were changed daily. At the end of some cultures, where indicated, fully expanded blastocysts in each group were fixed for differential cell counting.
Measurement of Intracellular pH
A quantitative fluorescence imaging system (Inovision, Durham, NC) was used to determine pH i of mouse embryos using the pH-sensitive fluorophore SNARF-1 as previously described [36, 37] . SNARF-1 was loaded into cells using its acetoxymethylester derivative SNARF-1-AM (5 lM for 30 min). SNARF-1 was excited with a wavelength of 535 nm, and emission images were obtained at 640 and 600 nm. The ratio of the images at the two wavelengths was determined after background subtraction. To convert the ratio to pH, a calibration was performed using the nigericin/high K þ method with 10 lg/ml nigericin and 5 lg/ml valinomycin [37] . Embryos were maintained at 378C in a temperature-controlled chamber. For bicarbonatebuffered medium, the atmosphere in the chamber was maintained at 5% CO 2 in 20% O 2 , balance N 2 .
To test the ability of embryos to recover from a pH i decrease, a net intracellular acidosis was induced by exposing them to NH 4 Cl for a defined time, as previously described and extensively used with oocytes and embryos [18, 19, 31] . Briefly, for each set of measurements, baseline pH i was first measured, after which 25 mM NH 4 Cl medium were introduced for 10 min. Introduction of NH 4 Cl causes an immediate alkalosis due to the essentially instantaneous equilibration of NH 3 across the plasma membrane; pH i then gradually decreases as NH þ 4 more slowly equilibrates across the membrane. When NH 4 Cl is removed, NH 3 rapidly leaves the cell, leaving behind excess H þ that had entered the cells as NH þ 4 , resulting in a net overall intracellular acidosis [38] . The NH 4 Cl pulse was immediately followed by a 10-min period in sodium-free medium, which prevented recovery from acidosis by any sodium-dependent mechanisms (NHE or NDBCE). This established the level of net acidosis and confirmed that any subsequent recovery was sodium dependent. The rate of recovery from acidosis was then determined as the initial slope of pH i versus time on reintroduction of sodium-containing medium. Where inhibitors were added, they were present starting in the Na þ -free medium introduced at the end of the NH 4 Cl pulse.
To measure the resting pH i of embryos under the conditions used in embryo culture, two-cell embryos were loaded with SNARF-1 and placed into preequilibrated drops of media. The embryos were incubated for 3-5 h at 378C, 100% humidity, with 5%, 10%, 15%, 20%, or 25% CO 2 or with 10, 20, or 30 mM DMO, in the presence or absence of cariporide or DIDS as specified. At the end of the incubation period, the culture dishes were immediately placed on the imaging system, and images were taken at 640 and 600 nm to determine pH i as above. Nigericin/high K þ calibrations to convert ratio to pH i were performed in similar culture drops on culture dishes.
Differential Cell Counting in Blastocysts
To count the ICM and TE cells in blastocysts, we utilized a simple method of differential cell staining that relies on selectively permeablizing the outer TE membrane by brief exposure to detergent and then selectively staining the nuclei of permeablized cells [39] . We have previously validated this technique using immunofluorescence with specific lineage markers to confirm the cell numbers in each lineage [40] . In brief, cultured blastocysts were incubated in 500 ll HEPES-KSOM containing 1% Triton X-100 and 100 lg/ml of propidium iodide, a cell-impermeant fluorophore that stains DNA in nuclei, for 5-10 s. The embryos were then immediately transferred into a fixative solution of 100% ethanol with 25 lg/ml bisbenzimide (Hoechst 33258), a cellpermeable fluorophore that stains DNA, and incubated overnight at 48C. Labeled embryos were mounted onto a microscope slide in a drop of SlowFade Antifade reagent (Invitrogen, Carlsbad, CA), slightly flattened using a glass coverslip, and digital fluorescence images were obtained. Counting of bisbenzimide-positive nuclei (total cells) and propidium iodide-positive nuclei (TE cells) was performed on digital images using the Image J software and the cell-count plug-in (National Institutes of Health, Bethesda, MD). ICM cells were identified as bisbenzimide positive but propidium iodide negative. Where blastocysts were produced for cell counting in culture experiments that included DIDS, H 2 DIDS was used since DIDS fluoresces in the UV and interferes with bisbenzimide detection, while H 2 DIDS is a nonfluorescent analog with a similar inhibition profile [13, 14] .
Data Analysis
Graphs were prepared using GraphPad Prism 5.00 (GraphPad Software, San Diego, CA). All data were expressed as mean 6 SEM. Statistical analysis of the data was performed by analysis of variance (ANOVA) followed by the Tukey-Kramer multiple comparison test (when three or more were compared) or by Student two-tailed t-test (to compare two groups), using Instat (GraphPad Software).
RESULTS
Slc9 Transcript Expression
Ovarian oocytes (GV), ovulated eggs, and PI embryos at the one-, two-, four-, and eight-cell, morula and blastocyst stages were examined by RT-PCR for the presence of mRNAs coding for products of five known plasmalemmal Na þ /H þ exchanger genes, Slc9a1-a5 (corresponding to SLC9A1-5 proteins with NHE1-5 activities). Amplicons for Slc9a1, Slc9a3, and Slc9a4 were detected at the GV, egg, and several embryonic stages (Fig. 1A) . However, no amplicons were detected for Slc9a2 or Slc9a5 at any stage. Slc9a1 transcripts appeared to be present in oocytes and throughout PI development, while Slc9a3 amplicons were detectable in GV oocytes, eggs, and one-cell embryos and slightly at the two-cell stage, while Slc9a4 amplicons appeared to be present in GV oocytes, eggs, and one-cell embryos.
Quantitative analysis of the mRNA expression patterns of Slc9a1, Slc9a3, and Slc9a4 by RT-Q-PCR revealed a similar pattern (Fig. 1B) , with transcripts of all three genes being relatively high in GV oocytes, eggs, and one-cell embryos. Neither Slc9a3 nor Slc9a4 appeared to be present at appreciable levels from about the four-cell to eight-cell stage onward. Slc9a1, however, may increase expression slightly in blastocysts. A ubiquitously expressed gene H2afz (Histone H2A family member Z), whose stable expression pattern in PI embryos was previously validated [41, 42] , was used as a control (Fig. 1C) . However, since no transcript has yet been identified that remains constant throughout PI development, H2afz was used only to confirm that the expected expression pattern was obtained.
Activity in PI Embryos
Based on the transcript presence, the candidates for NHE activities mediating Na þ /H þ exchange in PI embryos were NHE1, NHE3, and NHE4. We used cariporide (HOE642), which is selective for NHE1 over both NHE3 and NHE4 by about 10 4 -fold [25, 29, 33] (Supplemental Table S1 ), to determine whether NHE1 activity played a role. Net intracellular acidosis was induced by exposing one-, two-, or eight-cell or morula stage embryos to NH 4 Cl (25 mM) for 10 min and then washing it out with Na þ -free medium. Comparatively little recovery occurred in Na þ -free medium at any stage, but on reintroduction of Na þ , a rapid increase in pH i was observed that restored pH i to approximately its baseline level ( Fig. 2A) . Cariporide inhibited this recovery at each PI embryo stage in a dose-dependent manner over the range of 0-10 lM, with maximal inhibition achieved by 1-3 lM at each stage (Fig.  2B) . We compared the extent of maximal inhibition by cariporide with that of amiloride, a general Na þ /H þ exchanger inhibitor that should completely block activity of all plasma membrane NHE isoforms at the concentration used (1 mM) except NHE4, which may be only partly blocked at this concentration. The rates of recovery in the presence of 1, 3, and 10 lM cariporide were not significantly different from the residual recovery in the presence of amiloride within each embryo stage (Fig. 2B) . Since complete inhibition of NHE3 and NHE4 activities by cariporide occurs only at concentrations on the order of 1000 lM [25, 29, 33] (Supplemental  Table S1 ), these results are consistent with NHE1 mediating most or all recovery from acidosis in PI embryos at these stages.
The NHE3-selective inhibitor S3226 blocks rodent NHE3 activity with an IC 50 on the order of 0.1 lM while blocking NHE1 activity at somewhat higher concentrations with an IC 50 on the order of 1 lM [25, 32] (Supplemental Table S1 ). We assessed the ability of 0.1, 1.0, and 10 lM S3226 to block recovery from acidosis in two-cell embryos. Essentially complete inhibition was achieved at 1.0 and 10 lM S3226, while there was essentially no effect at 0.1 lM (Fig. 3A) . In addition, S3226 was not more effective at inhibiting recovery in two-cell embryos than was cariporide. This is consistent with a lack of a role for NHE3 in the major component of recovery from acidosis in two-cell mouse embryos since the cariporide curve should have been shifted well to the right of the S3226 curve for any NHE3 activity.
To determine whether any significant portion of the recovery from acidosis could be attributable to NHE3, we used cariporide and S3226 in concert and compared the rate of recovery to those obtained when each drug was used individually. Our rationale was that if NHE3 contributes to embryo recovery from acidosis, complete inhibition of NHE1 alone with 10 lM cariporide would result in a higher recovery SIYANOV AND BALTZ rate than that obtained either with 10 lM S3226 (a level that inhibits both NHE1 and NHE3; Supplemental Table S1 ) or in the presence of both cariporide and S3226 (at 10 lM each). There was, however, no statistically significant difference between levels of inhibition in the presence of cariporide or S3226 alone, the two inhibitors in combination, or amiloride (1 mM) in either two-cell or eight-cell embryos (Fig. 3, B and C) . This indicated that NHE3 was unlikely to contribute detectably to recovery from acidosis in PI mouse embryos at the stages examined.
Even in the presence of maximally inhibiting concentrations of cariporide or S3226 or in the presence of 1 mM amiloride, a small recovery persisted. This could be due to recovery not mediated by NHEs, or it could be due to an inhibitor-resistant NHE isoform. Since Slc9a4 mRNA was present in very early embryos ( Fig. 1 ) and NHE4 activity is resistant to inhibition by amiloride with an IC 50 near 1 mM [26] (Supplemental Table  S1 ), we tested whether increasing the concentration of amiloride to 5 mM would further inhibit the remaining component. However, the recovery rates for 1 and 5 mM amiloride were essentially identical and not significantly different from the residual recovery rates obtained during the sodium-free period (Fig. 4) . Thus, the apparent amilorideinsensitive recovery is not likely due to NHE4 but more likely arises from passive processes (see Discussion).
Effect of Cariporide on PI Embryo Development with Chronic Acidosis In Vitro
Since cariporide inhibited essentially all Na þ -dependent recovery from acidosis in PI mouse embryos, we assessed the effect of cariporide on PI embryo development at different levels of chronic acidosis. One-cell and two-cell stage embryos were cultured for 4 or 3 d, respectively, at 378C and 5%, 10%, 15%, 20%, or 25% CO 2 , which reduced external pH in KSOM medium from 7.3 to 6.6. Over this range of CO 2 , steady-state pH i decreased from 7.23 6 0.03 at 5% CO 2 to 6.95 6 0.06 at 25% CO 2 (Fig. 5B, inset) . The percentage of one-cell embryos that reached the expanded blastocyst stage by 96 h in culture decreased sharply with increasing CO 2 and decreasing medium pH (Fig. 5A) . When embryos were instead cultured from the two-cell stage, they were more resistant to increased CO 2 and decreased pH, but development to expanded blastocysts after 70-72 h was decreased at the highest CO 2 concentrations with lowest medium pH (Fig. 5B) .
To block NHE1 activity, we added 3 lM cariporide to the culture medium. The addition of cariporide did not by itself detectably perturb development to the blastocyst stage since there was no effect of cariporide at the normal CO 2 of 5% (pH 7.3). Indeed, cariporide unexpectedly had no effect on development to the blastocyst stage at any CO 2 level when 4 Cl pulse in bicarbonate-free medium (0bicHEPES-KSOM) with no inhibitor (control), the NHE1-selective inhibitor cariporide at concentrations indicated at top, or the general NHE inhibitor amiloride (1 mM). Each row contains examples of plots of pH i versus time for the stage of PI embryo indicated at left. In each case, the inhibitor was added at t ¼ 20 min and remained in media throughout the experiment. The initial medium (0-10 min) was 0bicHEPES-KSOM, replaced with 25 mM NH 4 Cl-containing medium for 10 min, followed by 10 min in sodium-depleted medium (0Na0bicHEPES-KSOM) and recovery in 0bicHEPES-KSOM for 20 min. Media are indicated schematically in the top right panel. B) Mean (6SEM) rates of recovery from acidosis for one-cell, two-cell, eight-cell, and morula stage embryos (corresponding to rows in A) measured as the initial slope of recovery as a function of cariporide concentration ([Carip]) or with amiloride (Amil; 1 mM). DMSO (0.1%) was used as a vehicle in all experiments and was added to the controls. Each point and the bar for amiloride represent experiments performed at least four times. Groups not sharing letters within the same panel were significantly different (P , 0.01 by ANOVA).
FIG. 2. Effect of cariporide on recovery from acidosis in preimplantation mouse embryos. A) Examples of recoveries from acidosis induced by NH
NHE IN MOUSE EMBRYOS
culturing either one-cell or two-cell embryos (Fig. 5, A and B) . Cariporide also failed to further perturb the ability of the embryo to maintain baseline pH i measured after 3-5 h in culture at any CO 2 level (Fig. 5B, inset) .
It was possible that increasing CO 2 is itself detrimental to embryo development independent of pH i . Therefore, we also used the nonmetabolizable weak acid DMO (0-30 mM) that has been previously used to decrease medium pH and pH i of embryos in prolonged culture [43] . The highest concentration of DMO (30 mM) completely prevented embryo development. However, two-cell embryos developed to blastocysts up to 20 mM DMO, where medium pH was ;6.6. Two-cell embryos SIYANOV AND BALTZ were able to maintain normal pH i over this range, which was not affected by cariporide (Fig. 5C, inset) . Similar to the results with varying CO 2 , cariporide also did not affect development to blastocysts (Fig. 5C ).
Role of NHE1 and NDBCE in Embryo Development with Chronic Acidosis In Vitro
Previously, Erdogan et al. [16] showed that Na þ -dependent HCO þ 3 /Cl À exchanger (NDBCE; SLC4A8 protein) activity was present in GV oocytes, mature MII eggs, and one-cell embryos. Thus, in KSOM culture medium that is buffered by bicarbonate (25 mM) and CO 2 , any NDBCE present could contribute to maintenance of baseline pH i and the ability of embryos to develop under conditions of chronic acidosis.
We first extended the observations of Erdogan et al. [16] to two-cell embryos and confirmed their results in GV oocytes as a control. In bicarbonate-free medium (0bicHEPES-KSOM), the NDBCE inhibitor DIDS (100 lM) had no effect on recovery from induced acidosis in either GV oocytes or twocell embryos, while cariporide inhibited recovery. The combination of cariporide and DIDS did not further inhibit recovery (Fig. 6A) . In bicarbonate-containing bicKSOM medium, DIDS substantially inhibited recovery in GV oocytes, consistent with previous results [16] , as did cariporide. In twocell embryos, however, DIDS had only a small effect that was not significant, while cariporide significantly inhibited recovery (Fig. 6A) . The combination of DIDS and cariporide did not further inhibit recovery significantly in two-cell embryos. Thus, while NDBCE appears to play a significant role in recovery from acidosis in GV oocytes (Fig. 6A ) and one-cell embryos [16] , a substantial component of NDBCE activity does not appear to persist into the two-cell stage.
It was still possible, however, that a minor component of NDBCE activity could exist in two-cell stage and later embryos 5 . Effect of cariporide on PI embryo development and resting pH i with chronic acidosis in vitro. One-cell (A) and two-cell (B) embryos were cultured (for 96 or 72 h, respectively) to the expanded blastocyst stage. Embryos were cultured in drops of KSOM medium under oil in modular incubators with the NHE1-selective inhibitor cariporide (3 lM) or without the inhibitor (control; 0.1% DMSO alone). The CO 2 concentration (lower axis) was increased to decrease pH of the medium (upper axis). No significant difference in development was detected between the control and cariporide-treated groups at any CO 2 level (ns; P . 0.05 by ANOVA), but development at 5% CO 2 was significantly higher than other levels of CO 2 as indicated (*P , 0.05 by ANOVA). Each point represents the pH i (mean 6 SEM) of n ¼ 4-14 independent repeats for one-cell and n ¼ 5 for two-cell embryos. The inset in B shows pH i of two-cell embryos after 3-5 h at each CO 2 concentration. There was no significant effect of cariporide on pH i at any CO 2 level, but pH i differed significantly from 5% CO 2 versus 20% and 25% as indicated (*P , 0.05 by ANOVA; n ¼ 3-4 independent repeats). C) Development of two-cell embryos in the presence of the cell-permeant weak acid DMO. Increased DMO (lower axis) decreased pH of the KSOM medium (upper axis). Culture conditions were similar to those in A and B and were carried out at 5% CO 2 in air. There was no significant effect of cariporide on development within each DMO concentration (ns; P . 0.05 by ANOVA). Development was significantly lower at 30 mM DMO than at other DMO concentrations as indicated (*P , 0.05 by ANOVA). pH i (inset) was not significantly different within any DMO concentration but was significantly lower at 30 mM DMO than at lower DMO concentrations as indicated (*P , 0.05 by ANOVA). Each point in the main graph represents the mean 6 SEM of n ¼ 4-5 independent repeats, and, for the inset, n ¼ 2-3 independent repeats.
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and contribute to maintenance of pH i under chronic acidosis. This possibility is suggested by the trend for DIDS to reduce the rate of recovery from acidosis at the two-cell stage (Fig.  6A) . We therefore cultured embryos from the two-cell stage for 3 d at external pH ranging from 7.3 to 6.7 (5-20% CO 2 ) with the NDBCE inhibitor DIDS (100 lM). DIDS, however, had no effect on embryo development to the blastocyst stage at any external pH (Fig. 6B) . Cariporide (10 lM) alone also had no effect, as above, nor was development more substantially affected by a combination of both inhibitors at lower pH. At the lowest external pH (6.7, 20% CO 2 ), pH i was, however, significantly lower in the group containing both cariporide and DIDS compared to control (7.08 6 0.04 vs. 7.20 6 0.02, respectively; Fig. 6B inset) , suggesting a possible role for NHE1 and NDBCE in somewhat elevating pH i in two-cell embryos under extreme prolonged acidosis.
Previous studies indicated that slightly acidotic culture medium can decrease blastocyst cell number and perturb cell allocation between the ICM and TE and perturb the growth of fetuses following embryo transfer [43] . We thus determined the number of cells in blastocysts cultured under each condition. Decreasing external pH with increased CO 2 reduced the total number of cells in the blastocysts and in each of the ICM and TE lineages (Fig. 7) . At normal external pH (7.3, 5% CO 2 ), the presence of either cariporide or DIDS significantly reduced the number of ICM cells, while the presence of both cariporide and DIDS caused a significant further reduction in ICM cell number and also affected TE. A similar effect on ICM was seen at 10% CO 2 (pH 7.0), but any effect of the inhibitors appeared to be largely lost within the general reduction of cell numbers caused by lower pH.
DISCUSSION
We detected transcripts encoding SLC9A1 (NHE1), SLC9A3 (NHE3), and SLC9A4 (NHE4) Na þ /H þ exchanger isoforms in oocytes and PI embryos but not those for SLC9A2 (NHE2) or SLC9A5 (NHE5). NHE-related Slc9 transcripts in PI embryos were likely maternal since transcript numbers decreased to near undetectable levels by the two-cell to fourcell stages, and there was no subsequent increase in mRNA from the two-cell stage, when global transcription from the embryonic genome begins [44] , at least through the morula stage. Transcripts underlying NHE1 may begin to be reexpressed in the blastocyst, however, where there was a trend to a small increase. The finding that transcripts underlying NHE1, NHE3, and NHE4 but not NHE2 or NHE5 activities are expressed in mouse oocytes and PI embryos is consistent with previous reports in which expression was investigated in a subset of stages of oocytes and embryos [16, 23, 31] and with deposited gene array data [45] .
The presence of transcripts does not necessarily imply functional protein. We attempted to assess SLC9A1 and SLC9A3 protein expression and localization using a number of available antibodies. However, none were able to detect protein in the plasma membranes of oocytes or PI embryos by immunofluorescence, except for possible staining in blastocyst TE consistent with a previous report [23] . In contrast, SLC9A1 and SLC9A3 were clearly evident in cumulus cells surrounding GV oocytes (not shown), consistent with the detection of both activities in those cells [31] . Similarly, Western blots were unsuccessful in detecting SLC9A1 or SLC9A3 protein in oocytes and embryos. These negative results might be due to a low expression level of the protein in PI embryos that nonetheless is sufficient for Na þ /H þ exchanger activity. Thus, inferring from mRNA expression, Na þ /H þ exchanger activity FIG. 6 . NDBCE activity in GV oocytes and two-cell embryos. A) Mean recovery rates from acidosis in GV oocytes (top panel) and two-cell embryos (lower panel) in bicarbonate-depleted 0bicHEPES-KSOM medium (0 Bic) or in bicarbonate-containing CO 2 -buffered bicKSOM medium (Bic/CO 2 ), for control (0.1% DMSO vehicle only), 100 lM DIDS, 10 lM cariporide, or both inhibitors together (DþC). Experiments were similar to those in Figures 2 and 3 , except bicKSOM and 0NabicKSOM media were used, with 5% CO 2 in the gas phase during pH i measurements. Different letters above bars indicate significant difference P , 0.01 (ANOVA). Each bar represents the mean 6 SEM of n ¼ 5-6 repeats. B) Development of two-cell embryos cultured for 72 h in KSOM to the expanded blastocyst stage in the absence or presence of NHE1-and NDBCE-selective inhibitors. Embryos were cultured in KSOM medium in organ culture dishes in modular incubators at different CO 2 levels with 100 lM H 2 DIDS, 10 lM cariporide, both inhibitors (DþC), or control (0.1% DMSO). The CO 2 concentration (lower axis) was increased to decrease pH of the medium (upper axis). The inset shows pH i of two-cell embryos after they were cultured for 3-5 h under the various CO 2 concentrations. At the two lowest CO 2 levels, there was a small effect of the combination of both inhibitors on development, while there was a significant effect on pH i only at 20% CO 2 (*P , 0.05). Each point represents a mean 6 SEM, n ¼ 4-11 (main graph) and n ¼ 5-6 (inset).
SIYANOV AND BALTZ
in PI embryos could have been due to SLC9A1, SLC9A3, or SLC9A4, which could not be further narrowed down by protein expression data. It may be possible to probe which NHE isoforms are active in PI embryos by specifically interfering with expression using antisense techniques. However, the mRNA expression patterns indicate that translation likely occurs in oocytes and ends very early in PI embryo development, implying that the NHE proteins are maternal and stable (Fig. 1) [23] , and thus techniques such as siRNA or morpholinos are unlikely to be effective if applied in embryos. Supporting this, our attempt to decrease NHE1 activity using a specific antisense morpholino introduced into embryos from the one-cell to eight-cell stages was not successful (not shown), although the lack of a suitable antibody prevented us from directly assessing whether there was SLC9A1 knockdown. Future work could explore whether it is possible to knock down specific NHE isoform expression in embryos using antisense techniques beginning during oocyte growth.
We therefore attempted to determine which of these isoform(s) were responsible for the Na þ /H þ exchanger activity that mediates recovery from intracellular acidosis in PI embryos, using functional assays with selective inhibitors in bicarbonate-free media where Na þ /H þ exchangers would be the only specific mechanisms operating. Our results indicate that NHE1 is the primary pH i -regulatory mechanism mediating recovery from acute intracellular acidosis at each stage of PI mouse embryo assessed, while neither NHE3 nor NHE4 contributed detectably. This interpretation is supported principally by the ability of cariporide, whose K i for NHE1 is on the order of 0.1 lM [25, 29] (Supplemental Table S1 ), to completely inhibit amiloride-sensitive Na þ /H þ exchanger activity at approximately 1 lM for each stage assessed, while cariporide concentrations about three to four orders of magnitude higher (K i or IC 50 of 500-1000 lM) should be required to block NHE3 or NHE4 [25, 29, 33] (Supplemental  Table S1 ). In addition, the NHE3-selective inhibitor S3226 (whose IC 50 is on the order of 0.1 lM for rodent NHE3 and 1 lM for NHE1 [25] (Supplemental Table S1 ) was not more effective than cariporide at inhibiting Na þ /H þ exchanger activity and had no effect until reaching levels (;1 lM) expected to also inhibit NHE1. Furthermore, combining S3226 and cariporide did not result in further inhibition. It would be difficult to reconcile these results with the presence of a significant component of NHE3 activity mediating recovery from acidosis.
The small amount of apparent recovery that remains despite maximal inhibition by cariporide or S3226 or with 1 mM amiloride is unlikely due to NHE4 since increasing amiloride (IC 50 for NHE4 ;800 lM [26] ; Supplemental Table S1) NHE IN MOUSE EMBRYOS mM should have further suppressed any residual NHE4-mediated recovery. Instead, the residual recovery most likely is due to passive transport of acid equivalents out of the cell, possibly intracellular lactate and/or pyruvate via monocarboxylate transporters as previously described [18] . Thus, cariporide and amiloride likely block all specific Na þ -dependent recovery in bicarbonate-free media.
Under physiological conditions where bicarbonate is present, both NHE and any NDBCE would be active. It was previously shown that NDBCE activity was relatively high in mouse GV oocytes and MII eggs, but there was less activity in one-cell embryos [16] . Our results here indicate that NDBCE becomes even less active by the two-cell stage, where NHE1 mediates the large majority of recovery from intracellular acidosis even in the presence of bicarbonate. Thus, under physiological conditions, pH i in PI embryos is regulated against acidosis mainly by NHE1 with possible smaller contributions by NDBCE, at least at the earliest PI stages.
The assignment of detectable Na þ /H þ exchanger activity during recovery from acidosis in PI embryos to NHE1 is consistent with this isoform being the ''housekeeping'' Na þ / H þ exchanger that is nearly ubiquitously active in mammalian cells. Furthermore, NHE1 has been shown to be the isoform solely responsible for acute regulation of cell volume against a decrease in PI mouse embryos [12] and is the only active form regulating pH i in GV mouse oocytes [31] .
Our conclusions conflict with those of a previous study where both NHE1 and NHE3 were proposed to contribute approximately equally to recovery from acidosis in mouse twocell embryos [24] . In that study, the NHE1-selective inhibitor HOE694 was used, and a biphasic curve was fit to a plot of the rate of recovery from acidosis versus HOE694 concentration ranging from 10 À5 lM to 50 lM. This was interpreted as indicating two NHE isoforms of different affinities, one whose inhibition reached a plateau on the concentration-response curve that begins at ;10 À3 lM HOE694 (attributed to NHE1) and the other represented by the final plateau that apparently was reached above 1 lM (NHE3). However, HOE694 has a measured K i of ;0.2 lM against NHE1, while its K i against NHE3 is ;650 lM [28, 30] . This is not consistent with the complete inhibition of a proposed NHE1 component occurring below 10
À3 lM, nor could NHE3 inhibition have been assessed in two-cell embryos with HOE694 since embryo cell lysis was reported in that study to occur at HOE694 concentrations above 50 lM [24] , which is more than an order of magnitude below its reported K i against NHE3. Instead, fitting a simple single-component inhibition curve would have yielded an HOE694 IC 50 of approximately 0.1 lM, consistent with all activity being attributable to NHE1.
Since our functional studies implicated NHE1 as the primary pH i -regulatory mechanism in PI embryos, we utilized cariporide to determine the effect of inhibiting NHE1 activity on embryo development during chronic acidosis. Under standard culture conditions (5% CO 2 , pH 7.3), the presence of cariporide did not decrease the proportion of one-cell or twocell embryos reaching the expanded blastocyst stage. Lowering external pH with increased CO 2 resulted in a large decrease in one-cell embryos that developed to blastocysts, while embryos cultured from the two-cell stage were more resistant. Unexpectedly, the presence of cariporide did not significantly decrease embryo development at any level of external acidosis. In a pilot experiment with 1 lM S3226, development was not decreased further than with cariporide (1 lM) alone, indicating that an undetected component of NHE3 did not maintain pH i in culture (data not shown). NDBCE activity also did not appear to maintain pH i and permit embryo development under conditions of chronic acidosis since embryos cultured with both DIDS and cariporide did not develop at lower rates than controls. However, despite the ability of embryos to develop to blastocysts under conditions of chronic acidosis even when both NHE and NDBCE activities were suppressed, there were some subtle effects on blastocyst development. Inhibition of either NHE1 (cariporide) or NDBCE (DIDS) reduced the number of ICM cells, and the detrimental effect was greater in the presence of both inhibitors. The dominant effect on development, however, was clearly due to decreased external pH and not the addition of inhibitors, with both ICM and TE cell numbers decreasing substantially at higher CO 2 . The results showing that development and cell lineage allocation were not perturbed more substantially at lower pH than at normal culture pH may indicate that the effects of chronic NHE1 inhibition are due to interference with cell volume regulation [12] rather than pH i homeostasis.
Thus, suppressing pH i regulation against acidosis during PI embryo development had only a surprisingly small effect on their viability, and functional regulatory mechanisms did not appear to provide much protection against even moderately lowered external pH. This is in contrast to development of PI embryos under conditions of chronic alkalosis. PI mouse embryos were able to develop to blastocysts at nearly normal proportions even in very alkalotic medium (at least up to pH 8.3), while in contrast embryo development was severely decreased when AE activity was suppressed only in alkalotic medium [7] . The reasons for the contrasting poor ability of PI embryos to develop under mild acidosis and the lack of significant effect of inhibiting pH i regulation against acidosis are not known. Human embryos before the blastocyst stage also apparently do not regulate against mild acidosis but can regulate against alkalosis [21] , indicating that this may not be restricted to the mouse. It may be that such capacity is not normally required since the normal in vivo environment of the PI embryo, oviductal fluid, is reported to be quite alkaline in a number of species [46] [47] [48] [49] [50] . External acidosis may also itself decrease the effectiveness of pH i regulation since Na þ /H þ exchange can be inhibited by external H þ concentrations that are sufficiently high to compete with Na þ transport [51] . Since NHE1 is strongly activated by decreased cell volume in PI mouse embryos and its activity is required to maintain normal cell volume [12] , a more vital physiological function of NHE1 in embryos may be cell volume homeostasis rather than protection against chronic acidosis.
